In this paper, the optical and electrical properties of Mg-doped AlN nanowires are discussed. At room temperature, with the increase of Mg-doping concentration, the Mg-acceptor energy level related optical transition can be clearly measured, which is separated about 0.6 eV from the band-edge transition, consistent with the Mg activation energy in AlN. The electrical conduction measurements indicate an activation energy of 23 meV at 300 K-450 K temperature range, which is significantly smaller than the Mg-ionization energy in AlN, suggesting the p-type conduction being mostly related to hopping conduction. 1 To date, however, the achievement of high performance DUV optoelectronic devices has been largely limited by the extremely poor conductivity of p-type Al(Ga)N, which is directly related to the very large activation energy ($0.5-0.6 eV) for Mg-dopant in AlN.
À3
, or higher. V C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921626] AlN, with a large direct bandgap of $6.1 eV, extends the group III-nitride semiconductor family into the deep ultraviolet (DUV) spectral range. It also possesses many excellent properties, such as high thermal conductivity, high thermal and chemical stability, large mechanical strength and hardness, and miscibility with GaN. 1 To date, however, the achievement of high performance DUV optoelectronic devices has been largely limited by the extremely poor conductivity of p-type Al(Ga)N, which is directly related to the very large activation energy ($0.5-0.6 eV) for Mg-dopant in AlN. 2 In addition, the presence of extensive dislocations and defects in conventional AlN epilayers, including nitrogen (N) vacancies, leads to strong compensation effects. 3, 4 For example, it has been measured that the formation energy for N-vacancies is reduced significantly with increasing Al composition and/or Mg incorporation. 5 Such critical challenges can be overcome, to a great extent, by employing low dimensional nanostructures, such as nanowire, due to the highly efficient lateral stress relaxation 6 and the minimized epitaxial relation between the substrate and nanowires. 7 Previously, the growth/synthesis of Mg-doped AlN nanowires using various techniques, including direct arc discharge method, metal organic chemical vapor deposition (MOCVD), and molecular beam epitaxy (MBE), have been reported. [8] [9] [10] [11] [12] [13] [14] These studies, however, mostly focus on the magnetic properties of Mgdoped AlN nanowires. In addition, such Mg-doped AlN nanowires exhibit poor optical qualities, and band-edge emission was not measured at room temperature. As a consequence, there lacks a detailed understanding of the fundamental electrical and optical properties and their correlation with the various defect states and electrical conduction in Mg-doped AlN nanowires.
Recently, with the use of an improved MBE growth process, we demonstrated strain-free AlN nanowires on Si substrate that can exhibit strong free-exciton emission at room temperature. 15 In addition, defect bands, including nitrogen vacancy related emission peaks, which were commonly measured in AlN epilayers, were found to be absent in such AlN nanowire structures. Based on such superior quality AlN nanowires, we have also demonstrated AlN nanowire light emitting diodes (LEDs) directly on Si substrate. 16 In this work, we have further performed a detailed study of the MBE growth and characterization of Mg-doped AlN nanowires on Si substrate. Mg-acceptor related optical transition is clearly measured at room temperature under optimized growth conditions. Furthermore, the temperature dependent electrical measurements show the presence of different activation energies in different temperature ranges. The low activation energy ($23 meV) in 300 K-450 K temperature range indicates that the hole conduction is mainly dominated by hopping conduction at room temperature.
In this work, catalyst-free Mg-doped AlN nanowires were grown on Si-substrate by radio frequency plasma-assisted MBE under nitrogen rich conditions. Prior to the growth of AlN nanowires, GaN nanowire template was first grown on Si(111) substrate, schematically shown in Fig. 1(a) , which can promote the formation of AlN nanowires with controlled properties. 17, 18 A series of AlN:Mg nanowire samples were grown and studied, Table I . Samples A, B, and C were grown with an Al flux of 4.0 Â 10 À8 Torr, and Mg flux of 2.6Â 10 À9 Torr, 1.6 Â 10 À8 Torr, and 9.1 Â 10 À8 Torr, respectively. Samples D and E were grown with Al flux of 2.0 Â 10 À8 Torr, and Mg flux of 2.6 Â 10 À9 Torr and 9.1 Â 10 À8 Torr, respectively. The axial growth rate is $3.5 nm/min for samples A, B, and C, and $1.5 nm/min for samples D and E. For all the samples, the substrate growth temperature was kept at 790 C, and the nitrogen flow rate was 1 standard cubic centimeter per minute (sccm) with a forward plasma power of 350 W. Figure 1 (b) presents the scanning electron microscopy (SEM) image of sample B. It is seen that the nanowires are vertically aligned and exhibit a high degree of size uniformity. The height and density of the nanowires are estimated to be $500 nm and 1 Â 10 10 cm À2 , respectively. Our previous studies further confirm that the nanowires are grown along the c-axis. 16 Temperature variable photoluminescence (PL) measurements were performed on as grown Mg-doped AlN nanowires using a 193 nm ArF excimer laser as the excitation source. The emission from the nanowires was spectrally resolved using a high-resolution spectrometer and was detected by a photomultiplier tube (PMT). Figure 2 (a) presents the PL spectra of the AlN:Mg nanowires at 20 K. The spectra presents a narrow peak at $205 nm (6.05 eV), and a broad peak at 227.4 nm (5.45 eV) for samples C, D, and E. A variation is observed in the high energy peak positions of the samples, which is due to the change in the growth conditions. The first peak (high energy peak) is denoted as P H , and the second broad peak is denoted as P L . P H is due to the excitons bound to neutral Mg-acceptor impurities (I 1 line in AlN). Various defect related transitions have been identified for planar AlN. 5, 19, 20 These defect emissions are mainly due to the nitrogen/cation vacancies and related complexes in AlN. In previously reported AlN:Mg epilayers, the optical transition involving the deep level donor and Mg-acceptor is observed at 4.7 eV and the transition involving shallow donor and deep acceptor is observed at 3.9 eV. 19 These facts rule out the possibility of the low energy peak at 227.4 nm (5.45 eV) to be a defect peak and, therefore, P L can be attributed to the donor acceptor pair (DAP) transition between a shallow donor and Mg-acceptor energy level.
2, 21 The ionization energy of the shallow donor derived from the temperature dependent PL studies is $80 meV (discussed later). The ionization energy of the Mg-acceptor ðE 0 Þ is further estimated from, E 0 ¼ E g À 5:45 À 0:08 ¼ 0:61 eV, with E g ¼ 6:14 eV being the band gap of AlN at 20 K, which is consistent with the Mg-activation energy in AlN.
2 This Mg-acceptor related peak increases with Mg-dopant incorporation. Moreover, it is more pronounced for samples D and E, grown with a reduced growth rate (low Al flux), indicating that a slower growth rate significantly enhances Mg-incorporation. This observation is further supported by the comparison between samples A (high Al flux) and D (low Al flux), which were both grown with the same Mg flux of 2.6 Â 10 À9 Torr. It is seen that no Mg-acceptor related transition can be observed for sample A, whereas such a transition can be clearly measured in sample D. The direct correlation between the emission peak at 227.4 nm with Mg-dopant incorporation provides unambiguous evidence for the presence of Mgacceptors in AlN. The strong dependence of Mg-dopant concentration on variations of the growth conditions is a result of several competitive processes, including the enhanced Mg-acceptor incorporation due to the reduced formation energy for the Al-substitutional Mg-doping in the nearsurface region of nanowires as well as the Mg atom desorption at elevated growth temperature. 16, 22 The power and temperature dependent PL studies were performed. In what follows, we focus on the highly Mgdoped AlN sample (sample E). The power dependent PL properties at 20 K are shown in Fig. 2(b) . The inset of Fig.  2(b) presents the ratio of the peak intensities of Mg-acceptor peak to the band-edge peak. It is observed that the ratio increases in the low power regime but decreases with further increasing excitation power. This is related to the saturation of the Mg-acceptor energy level under high excitation conditions. In addition, the power dependence of the peak energies reveals that both the high energy and low energy peaks undergo a red shift with increasing excitation power. The DAP recombination usually causes a blue shift with increasing power and has been observed in GaN 23 and InN. 24 It is suggested that the observed red shift is likely a combination of band gap renormalization 25 and laser induced heating effect. This effect has been observed in GaN nano-particles 26 and also in GaN/AlN quantum dots. 27 It is observed from the low temperature PL spectra of Fig. 2(a) that the low energy peak, P L , is quite broad. To investigate this peak more closely, the PL spectrum was measured at room temperature using a frequency-quadrupled Ti-sapphire laser with an emission wavelength at 197 nm, 76 MHz repetition rate, and an average optical power of $1 mW as the excitation source. The room temperature PL spectrum of sample E is presented in Fig. 3 . In addition to the band-edge peak at 5.95 eV, three other peaks were observed at 5.34 eV, 4.57 eV, and 3.9 eV. The peak at 5.34 eV can be identified as the Mg-acceptor related transition (the energy separation of the band-edge peak and the peak at 5.34 eV is 0.61 eV). The emission peaks at 4.57 eV and at 3.9 eV are attributed to the DAP transitions. The transition involving a deep donor and Mg-acceptor energy level is responsible for the peak at 4.57 eV whereas the peak at 3.9 eV is due to the transition involving a shallow donor and a deep acceptor. Such transitions were also observed in Mgdoped AlN epilayers. 21 The temperature dependent PL properties have been investigated for the highly doped AlN sample under an excitation power of 5 mW using the 193 nm ArF excimer laser as the excitation source. As the temperature increases, both peaks undergo a red shift. This is consistent with the band gap narrowing with temperature. The evolution of the peak energy with temperature is presented in Fig. 4(a) . The temperature dependent band-gap change can be explained by the Varshni's equation, 28 E g ðTÞ ¼ E g ð0Þ À aT 2 =ðb þ TÞ, shown as the solid line in Fig. 4(a) , with the following parameters: E g ð0Þ ¼ 6:05 eV, a ¼ 1.8 meV/K, and b ¼ 1462 K. These values agree well with the previously reported values of AlN in this temperature range. 29 The evolution of the Mg-acceptor peak with temperature has also been studied. The integrated PL intensity as a function of inverse temperature is plotted in Fig. 4(b) . The solid line is the least square fit of the experimental data with the equation I emi ¼ I 0 =ð1 þ a expðÀE 0 =KTÞÞ, where I emi denotes the integrated PL intensity at various temperatures, I 0 represents the integrated PL intensity at 0 K, and E 0 is the activation energy. The derived activation energy is $80 meV, suggesting that the Mg-related transition is due to the DAP transition involving a Mg-acceptor energy level and a shallow donor. This activation energy is also comparable to the values ($60 meV) reported for AlN epilayers. 2 We have subsequently investigated p-type conductivity by measuring the temperature-dependent current-voltage (I-V) characteristics of large area AlN:Mg nanowire arrays. The device structure (sample F) is schematically shown in Fig. 5(a) , which consists of GaN/InGaN tunnel junction 30 grown on heavily n-doped Si substrate, a 90 nm thick AlN:Mg section followed by a 10 nm AlGaN contact layer. The growth condition of AlN:Mg section is similar to that of sample E. The tunnel junction was designed to facilitate the carrier transport from the n-Si substrate to the p-AlN layer. To subtract the resistance associated with the substrate, tunnel junction, and contact region, another identical structure (sample F 0 ) but without the AlN:Mg section was fabricated. The difference in resistivity of these two structures can provide a reasonable estimation of the AlN:Mg nanowire resistance. The nanowires were first spin coated with polyimide. Ti/Au (20 nm/100 nm) and Ni/Au (50 nm/100 nm) were then deposited as the bottom and top contacts, respectively. The contacts were annealed in N 2 ambient at 500 C for 1 min. The I-V characteristics were measured in the temperature range of 298-573 K and the resistance is calculated by the slope of the I-V curve in the forward bias region. The variation of AlN:Mg resistivity with inverse temperature is plotted in Fig. 5(b) , which clearly reveals the presence of more than one activation energy. To discern the mechanism responsible for conduction at different temperature regions, the calculated resistivity is fitted by the equation, qðTÞ ¼ q 0 expðE A =kTÞ, where E A is the thermal activation energy of resistivity. E A is derived to be $23 meV for the AlN:Mg segment. A similar activation energy ($50 meV) was also measured for AlN nanowires with reduced Mg dopant incorporation. Such an unusual low activation energy, compared to the Mg-acceptor energy level ($600 meV), suggests that the hole transport mechanism is mainly governed by hopping and/or impurity band transitions. 31, 32 In the hopping conduction, carriers hop from one localized state to another; the localized states could be at the same or at different energy levels. It is observed in Fig. 5(b) that the experimental data and the fitting curve follow each other closely in the temperature range of 300 K-450 K and there is a deviation in the higher temperature range. This deviation suggests that at higher temperatures the thermal activation of carriers starts to play a role and, at a sufficiently high temperature, thermal activation would be the dominating hole transport mechanism. This phenomenon has also been observed for Al 0.7 Ga 0.3 N, 31 InGaN, 33 and GaN. 32 With the room temperature resistivity value of 697 X-cm and assuming an upper boundary of hole hopping mobility of 1 cm 2 /V Á s, 34 the room temperature hole concentration of the AlN:Mg segment of sample F is found to be on the order of 10 16 cm
, which is orders of magnitude higher than previously reported AlN:Mg epilayers. 34 The excellent p-type conductivity of AlN:Mg nanowires can be partly attributed to the drastically reduced nitrogen-vacancy related defects during the growth of nanowire structures under nitrogen-rich conditions as well as the enhanced dopant incorporation in nanowire structures. 16, 22 In summary, we have investigated the optical and electrical properties of Mg-doped AlN nanowires. We have demonstrated that by optimizing the growth conditions, Mgdopant incorporation in AlN nanowires can be significantly enhanced. Detailed studies further suggest that the hopping conduction dominates the carrier transport at room temperature, and the free hole concentration is estimated on the order of 
